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Abstract — This paper studies the cooperation between a pri- 
mary system and a cognitive system in a cellular network where 
the cognitive base station (CBS) relays the primary signal using 
amplify-and-forward or decode-and-forward protocols, and in re- 
turn it can transmit its own cognitive signal. While the commonly 
used half -duplex (HD) assumption may render the cooperation 
less efficient due to the two orthogonal channel phases employed, 
we propose that the CBS can work in a full-duplex (FD) mode 
to improve the system rate region. The problem of interest is 
to find the achievable primary-cognitive rate region by studying 
the cognitive rate maximization problem. For both modes, we 
explicitly consider the CBS transmit imperfections, which lead 
to the residual self-interference associated with the FD operation 
mode. We propose closed-form solutions or efficient algorithms to 
solve the problem when the related residual interference power is 
non-scalable or scalable with the transmit power. Furthermore, 
we propose a simple hybrid scheme to select the HD or FD 
mode based on zero-forcing criterion, and provide insights on 
the impact of system parameters. Numerical results illustrate 
significant performance improvement by using the FD mode and 
the hybrid scheme. 

Index Terms — Cooperative communications, relay channel, 
cognitive relaying, full-duplex, optimization. 



I. Introduction 

RECENTLY there has been a new paradigm to improve 
the spectrum efficiency of a cognitive radio network 
by introducing active cooperation between the primary and 
cognitive systems 0~|-E]]- As illustrated in Fig.Q] the cognitive 
system helps relay the traffic from the primary base station 
(PBS), and in return can utilize the primary spectrum for 
secondary use. This is of particular importance to the primary 
system when the primary user (PU)'s data rate or outage 
probability requirement cannot be satisfied by itself. Therefore 
both systems have strong incentive to cooperate as long as 
such an opportunity exists. A three-phase cooperation protocol 
between primary and cognitive systems termed "spectrum 
leasing" is proposed to exploit primary resources in time 
and frequency domain Q, J4). During Phase I and II, the 
cognitive base station (CBS) listens and forwards the primary 
traffic; in the remaining Phase III, the CBS can transmit its 
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Fig. 1. Cooperation between a primary system and a cognitive system 



own signal to the cognitive user (CU). Note that to avoid 
additional interference, in Phase II, the PBS remains idle 
and only the CBS transmits signals. The use of multiple- 
input-multiple-output (MIMO) antennas and beamforming at 
the CBS provides additional degree of freedom for primary- 
cognitive cooperation in the spatial domain (6) Q • In 
comparison to the conventional spectrum leasing, MIMO 
CBS requires only two phases: Phase I is the same as that 
in spectrum leasing while in Phase II, the relay can both 
forward primary signal and transmit its own signal. However, 
most existing works assume half-duplex (HD) mode for the 
CBS so at least two orthogonal communication phases are 
needed, which brings losses to throughput. As a result, the 
primary-cognitive cooperation is not always useful, meaning 
that the achievable primary rate can be even lower than that 
of the direct transmission. To remedy the situation, this paper 
investigates the potential use of full-duplex (FD) mode for 
the CBS, i.e., it simultaneously receives primary message, 
and transmits processed primary signal and its own cognitive 
signal on the same channel. Since overall only one channel 
phase is used, the FD mode is an efficient technique to enlarge 
the achievable rate region. 

A. Related Work 

FD has attracted lots of research interests especially for 
relay assisted cooperative communication. Traditionally, FD 
is considered to be infeasible due to the practical difficulty 
to recover the desired signal which suffers from the self- 
interference from the relay output, which could be as high 
as 100 dB HO. It is shown in that the FD relaying 
in the presence of loop interference is indeed feasible and 
can offer higher capacity than the HD mode. Experimental 
results are reported in iTTOl that the self-interference can be 
sufficiently cancelled to make FD wireless communication 
feasible in many cases; hardware implementations in [11] 
show over 70% throughput gains from using the FD over the 
HD in realistically used cases. Since then, there have been 
substantial efforts on dealing with self-interference. Utilizing 
multiantenna techniques, lfl2l proposes to direct the self- 
interference of a DF relay in the FD mode to the least 
harmful spatial dimensions. The authors of lfl3l analyze a 
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wide range of self-interference mitigation when the relay 
has multiple antenna, including natural isolation, time-domain 
cancellation and spatial domain suppression. The techniques 
apply to general protocols including amplify-and-forward 
(AF) and decode-and-forward (DF). The transmitter/receiver 
dynamic -range limitations and channel estimation error at the 
MIMO DF relay is considered explicitly in |fl4l . and an 
FD transmission scheme is proposed to maximize a lower 
bound of the end-to-end achievable rate by designing transmit 
covariance matrix. Considering the tradeoff between residual 
interference in the FD mode and rate loss in the HD mode, 
in lfT31l . a hybrid FD/HD relaying is proposed together with 
transmit power adaption to best select the most appropriate 
mode. Relay selection is examined in fl6l in AF cooperative 
communication with the FD operation, and shows that the 
FD relaying results in a zero diversity order despite the relay 
selection process. 

In the area of cooperative cognitive radio, there have been 
very few works on the use of the FD mode. It is worth 
mentioning that a theoretical upper-bound for the rate region 
was found in Q71 (HUE), where the CBS employs dirty 
paper coding (DPC) to remove interference from the CU 
due to the primary signal. However, DPC requires non- 
causal information about the primary message at the CBS, 
in addition to its implementation complexity; therefore in 
practice, it is unknown how to achieve this region. FD for CR 
is first proposed in 11201 where the CBS uses AF protocol and 
superposition at the CU to improve the rate region. However, 
l20l assumed that at the CBS, the separation between the 
transmit and receive antennas is perfect and there is no self- 
interference, therefore it only provides a performance upper 
bound for the FD. 

B. Summary of Contributions 

The aim of this paper is to study the achievable region 
using the FD CBS for a cooperative cognitive network taking 
into account of the self-interference. We assume the primary 
system is passive, and always tries to operate in its full power. 
The CBS is equipped with multiple antennas, and is smart 
enough for forwarding the primary signal, transmitting the 
cognitive signal and suppressing self-interference. Both AF 
and DF protocols are studied. We have made the following 
contributions: 

• For CBS operating in the HD mode, we formulate the 
cognitive rate maximization problem with constraints on 
the CBS power and the PU rate. Closed-form solutions 
are derived. 

• For CBS operating in the FD mode, we model the self- 
interference after cancellation due to CBS transmit noise 
and solve the same problem as the HD case for both fixed 
and scalable transmit noise power. Closed-form solutions 
are given for the former case and an efficient algorithm 
is developed for the latter by establishing a link between 
these two cases. 

> We then propose a hybrid HD/FD scheme based on mode 
selection and the simplified closed-form zero-forcing 
(ZF) solutions 1211 which nulls out interference between 
the primary and secondary systems. Insights are given on 
the impact of system parameters. 




Fig. 2. Cooperating Cognitive System Model in the HD mode 

• Our simulation results demonstrate the enlarged rate 
region, and substantial performance gain of the proposed 
FD and hybrid schemes compared to the HD mode. It is 
also verified that the proposed hybrid scheme performs 
nearly as well as the best mode selection. 
Note that the proposed scheme is not restricted to cellular 
networks. It can be applied to general cognitive radio scenarios 
where secondary transmitters have multiple antennas with FD 
capabilities, such as ad hoc cognitive networks 112211231 . 

C. Notations 

Throughout this paper, the following notations will be 
adopted. Vectors and matrices are represented by boldface 
lowercase and uppercase letters, respectively. || • || denotes 
the Frobenius norm, (-y denotes the Hermitian operation of 
a vector or matrix. A >z means that A is positive semi- 
definite. I denotes an identity matrix of appropriate dimension. 
Finally, x ~ CAf(m, 0) denotes a vector x of complex 
Gaussian elements with a mean vector of m and a covariance 
matrix of 0. 

II. Baseline HD-CBS System Model and 
Optimization 

A. System Model 

Consider a cooperative cognitive system shown in Fig. |2] 
The primary system consists of a single-antenna PBS and 
a single-antenna PU. The cognitive system includes an A- 
antenna (N > 1) CBS operating in the HD mode and a 
single-antenna CU Q- It is assumed that cognitive system is 
time synchronized with the primary network (this assumption 
holds for all the investigated schemes). We assume that the 
quality of the primary link is not good enough to meet its 
transmission rate target and the cooperation between the CBS 
and the PBS becomes necessary (Tj. To define the system 
model, we list the following system parameters: 

ho the scalar channel between the PBS and the PU; 
hoc the scalar channel between the PBS and the CU; 
h c0 the A x 1 channel between the CBS and the PU; 
h c the A x 1 channel between the CBS and the CU; 
g the A x 1 channel between the PBS and the CBS; 
n\ the noise received at PU during Phase I 

with m ~lW(0,1); 
ri2 the noise received at PU during Phase II 
with ?i 2 ~tW(0,l); 

An extension to multiple CUs for the HD mode can be found in 171 . 
Alternatively, interference alignment is a promising tool in order to control 
interference in such cooperative cognitive systems. 
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rifl the N x 1 noise vector received at the CBS during 

Phase I with ~ CAf(0, 1); 
n c the noise received at the CU during Phase II 

with n c ~ CAf(0, 1); 
Po the available transmit power of the PBS ; 
Pc the available transmit power of the CBS; 
sq the transmit signal for the PU with so ~ CA/(0, Po); 
s c the transmit signal for the CU with s c ~ CAf(0, 1). 

All transmit signal, channel and noise elements are assumed 
to be independent of each other. We assume global perfect 
channel state information (CSI) is available at the CBS. In 
the HD mode, the communication takes place in two phases. 
In Phase I, the PBS broadcasts its data sq, then the received 
signals at the PU and the CBS are, respective!)!!, 



j/i = h s + ni, and r = gs + n R . 



(1) 



The CBS processes the received signal and produces /(r) 
which is defined as 



Ar, 



w s , 



for AF where A is an N x N complex 
relay matrix; 

for DF where wo is a beamforming vector 
to forward primary signal and so = -j^- 



(2) 

In Phase II, the CBS superimposes the relaying signal /(r) 
with its own data s c using the cognitive beamforming vector 
w c , then transmits to both the PU and the CU. In this phase, 
the PBS remains idle. The CBS's transmit signal is 



Ags 

w s , 



An? 



for AF; 
for DF. 



(3) 



with average power 



PR 



Et 



|w c 



fo||Ag|| 

llwoll 2 , 



for AF; 
for DF. 



(4) 

To make a fair comparison with the FD mode, we introduce 
the transmit noise At, which combines the effects of phase 
noise, nonlinear power amplifier, I/Q imbalance, nonlinear 
low-noise amplifier and ADC impairments |[T3lll26l . etc. 
Then the actually transmitted signal from the CBS is 

t = t + At, At~CAf(0,P t I), (5) 
where P t denotes the transmit noise power and can either 
be fixed or scale with pr, depending on how well these 
impairments are compensated. It will be seen that in the HD 
mode, we can use the same approach to solve the problem no 
matter whether P t is fixed or not. While in the FD mode using 
the AF protocol, it makes a difference and we will deal with 
these two cases separately. The received signal at the CU is 

y c = hit + n c (6) 
h£w c s c + hi Ags + hi An R + h* At + n c , for AF; 
hjw c s c + hjwoso + hJAt + n c , for DF. 

2 For the sake of presentation, the time slot index is omitted by the 
instantaneous expressions of the HD case. 

3 The considered imperfections are general and can also affect all receivers. 
Given that the purpose of this work is to study the impact of transmit noise 
on the FD relaying operation, we assume ideal receivers. 



The received signal-to-interference plus noise ratio (SINR) at 
CU is then expressed as 

|hty 

for DF, 



P |htAg|2 + ||hjA|| 2 +P t ||hcll 2 + l' 
|ht Wc | 2 



for AF; 



(7) 



|hJw n |2 + P t ||h c ||2 + l' 



and the achievable rate is R c = |log 2 (l + r c ) where the 
factor | arises due to the two orthogonal channel uses. The 
received signal at the PU is 



(8) 



■ n2 , for AF; 
for DF. 



2/2 = h^t + n 2 

hl w c s c + hLAgso + h+ An 3 + h^At 
h^ w c s c + hJ wos + h^,At + n 2 , 

Applying maximum ratio combining (MRC) to y\ and y-2, the 
received SINR of the PU is the sum of two channel uses, and 
consequently, the achievable rate is given in (9) at the top of 
next page. 

B. Achievable Rate Region and Problem Formulation 

The problem of interest is to find the rate region given 
the primary and cognitive power constraints. To achieve this, 
we propose to maximize the CU rate R c subject to the PU's 
rate constraint ro and the CBS's transmit power constraint 
Pc, by jointly optimizing the cognitive beamforming vector 
w c , the relaying processing matrix A and the forwarding 
beamforming vector wo for both AF and DF. Mathematically, 
the optimization problem can be written as 



max R c s.t. Rq > tq, pr < Pc, 



(10) 



where the optimization variables are (w c ,A), (w c ,Wo) for 
AF and DF, respectively. Using the monotonicity between 
the received SINR and the achievable rate, we can derive 
simplified equivalent problem formulations for AF and DF. 
More specifically, we have (11) at the top of next page and 



P-DF-HD: max 

wo ,w c 
S.t. 



\hh 



|hlw | 2 4 

^ollgll 2 ^ 



PWK 



(12) 



|h: o w c p + P t ||h c0 p 



> 



7o £ 



|w || 2 < Pc, 



where j , 



A 2 -1 
Po 



|/ l0 | 2 and 7 ; i3F 4 2 2r °-l-P„N 



Obviously, P-AF-HD appears more complicated than P-DF- 
HD, so we first focus on P-AF-HD and we later show 
that actually both problems can be solved using the same 
mechanism. 

C. The Optimal Structure of A in P-AF-HD and Physical 
Interpretation 

Problem P-AF-HD involves the optimization of an N x N 
matrix A. In the following theorem we will characterize the 
optimal structure of A. 

Theorem 1: The optimal AF relay matrix A has the struc- 
ture of 



w a g' 



(13) 



where H = [h c o h c ], w a = Hb and b 6 C 2xl are parameter 
vectors. 
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±log 2 ( 1 + P \h \ 2 + 



Ro = < 



|log 2 (l+Po|/io| 2 +min(Po||g|| 2 , 



P |ht Ag| 2 

hJ w c |2 + ||ht A|p + P t ||h c0 |p + ] 

|ht Q w | 2 



, for AF; 



h^ w c |2 + P t ||h c0 ||2 + l 



(9) 



, for DF. 



P-AF-HD: max j l h cW c | (n) 

wc,a P |hUg| 2 + ||hU|| 2 + P||h c || 2 + 1 

st l^pAgl 2 > ■ 

|hLw c | 2 + ||ht A|| 2 + P||h c0 || 2 + 1 " 7 ° AF ' 
||w c || 2 + P ||Ag|| 2 + ||A|| 2 <P C , 



The proof is given in Appendix A. The structure of A = w Q gt 
reveals its two functions. First it coherently amplifies the 
received primary signals at different receive antennas using 
MRC receiver to produce a noisy version of the pri- 
mary signal; then fowards the noisy primary signal using 
the transmit beamforming vector w a . Theorem 1 not only 
provides physical interpretation about the above mentioned 
relay processing but also greatly simplifies problem P-AF-HD, 
which will be seen in the next subsection. 

D. Simplified AF Problem 

It is noted that A originally is a general N x N matrix 
while (fT~3T > indicates that it is actually a rank-1 matrix and can 
be represented by a new vector w a . Employing this structure, 
the problem P-AF-HD in (TTTb is simplified to 



mm 



(Po||g|| 4 + ||g|| 2 )|hIw Q | 2 + P t ||h c 



s.t. 



|hl w a | 2 



|hLw r 



P||h 



> 



2 + l 

7(Uf 



cO 



7o, 



Igll 2 )' 



|w c || 2 + (Po||g|| 4 +||g|| 2 )||w a || 2 <P ( 



c- 



For the sake of presentation, the closed-form solution to the 
above problem in a general form is given in Appendix B. From 
the right hand side of the first constraint, it is observed that 
the problem is feasible or the required PU rate can be satisfied 
only when ||g|| 2 > Jo AF , which complies with the common 
sense that the end-to-end performance of an AF relay system 
is upper bounded by the channel quality of the PBS-CBS link 
g; if this link is too weak, the CBS can not assist the primary 
transmission. 

For solving problem P-DF-HD in (fT2l i. we can first check 
whether the first constraint is satisfied; if yes, we can remove 
this constraint and the remaining of the problem has the same 
structure as (TBI , then its solution is given in Appendix B; 
otherwise, the problem is deemed infeasible meaning that 
the required primary rate cannot be supported even with the 
assistance from the CBS. 

HI. FD-CBS System Model and Optimization 

A. System Model 

In this section, we consider that the CBS operates in the 
FD mode, i.e., the CBS can receive and transmit data at the 
same time and frequency. We assume the CBS has N r receive 



antennas/RF chains and N t transmit antennas/RF chains. Due 
to the FD mode, the receive antennas of the CBS will receive 
a self-interference from its transmit antennas. The system 
parameters that are different from the HD based system model 
are defined as follows: 

h C Q FD the jV t x 1 channel between the CBS and the PU; 
h CFD the N t x 1 channel between the CBS and the CU; 
gFD the N r x 1 channel between the PBS and the CBS; 
n R F D ^e JV r xl noise vector received at the CBS 
with n RFD ~OA/"(0,I); 
no the noise received at the PU with no ~ CA/(0, 1); 
H the equivalent N r x Nt loop interference channel 
matrix at the CBS; 
Pc Fn the transmit power constraint of the CBS; 



(14) Po 



the transmit power of the PBS. 



We may reuse some variables from the HD mode when no 
confusion occurs. It is worth noting that H is the equivalent 
loop interference channel after the self-interference mitigation 
ifTOllfTTI . and its strength depends on the quality of the 
mitigation process that can be performed with techniques such 
as antenna separation and analog-domain self-interference 
cancellation, etc. 

Although FD and HD are characterized by fundamental 
operational and complexity differences, the purpose of our 
study is to provide a fair comparison between the two relaying 
modes. This fair comparison is supported by the following 
assumptions: 

i) We ensure the same energy consumptions for both modes 
that is expressed as Pc FD = and Pq fd = 03J. 

ii) We assume the same number of total antennas i.e., an FD 
system has Nt transmit and N r receive antennas and an 
HD system with a total of N = N r + N t antennas. More 
specificaly: 

1) In the HD mode, the CBS has N r receive RF chains 
and Nt transmit RF chains and it uses equal number 
of antennas: N r receive antennas in Phase I and 
Nt transmit antennas in Phase II. In this setting, 
both the FD and HD systems have the same antenna 
configuration. 

2) In addition, we also consider a case that the HD 
mode has higher cost: in the HD mode, the CBS has 
N transmit RF chains and N receive RF chains, so 
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Fig. 3. Relay processing at the FD CBS 

it can use all N receive antennas in Phase I and all 
N transmit antennas in Phase II. 
Obviously the performance of 2) is superior to that of 1) 
but with the cost of extra complexity. We will evaluate the 
performance of both cases in Section V. 

The details of FD relay processing are illustrated in Fig. [3] 
We use the index i to denote time instant. The received signal 
at the PBS and the CBS are, respectively, 



r\i] 



h s [i] 



+■ h+ cO FD 

H(t[i] - 



[t[i] + At[i\)-\ 
|-At[»]) + nK, 



n [i\ 



(15) 
(16) 



where t[i] + At[i] is the actual transmitted signal from the 
CBS. The transmit Gaussian noise vector is denoted as At 
as the HD mode, P t denotes the noise power and t[i] is the 
known transmit signal from the CBS including both relaying 
primary signal and cognitive signal: 



t[i] = /(*(i-D))+w c * c [i], 



(17) 



where r is the pre-processed received signal at the CBS and 
D > is the processing delay. This delay D > is a general 
assumption and refers to the required processing time in order 
to implement the FD operation ifTBI . In practical systems the 
processing delay for the AF scheme is much smaller than the 
one in the DF case; however our analysis is general and holds 
for any D > 0. 

The relay processing at the CBS is defined as: 

( Af , for AF where A is an Nt X N r relay matrix; 
— J wqSo, for DF where wo is a beamforming vector, 



so = 



(18) 



Although the channel H is perfectly estimated at the CBS and 
the CBS can perfectly remove the noise component Ht[i], but 
the term HAt[i] remains and forms the residual interference 
that affects the CBS's input. As a result the CBS gets pre- 
processed signal 

r[i] = r[*1 - Ht[i] = g« [i] + HAt[i] + n RpD [i\. (19) 

Suppose the CBS further processes r[i], then 

Af [i - D] + w c s c [i] = Ags [i -D]+ 
AHAt[i — D]+ An r [i — D] + w c s c [z], 
t\i] = { f° r AF where A is an N x N r matrix; (20) 
■w s [i - D] + w c s c [i], 
for DF where So[i — D] 



_ Sg[i-D] 

\s [i-D]\ 



with average power 

p^ D =E(||t|| 2 ) = 



Po F J|Ag FD || 2 + P t ||AH| 
+ ||w c || 2 ,for AF; 



w 



w c || , for DF. 



IAII 



(21) 



The received signal at the CU is 

y c [i] = ht FD {t\i] + At[i]) +h 0c s [i] +n c [i] 

{ hl FD w c s c \t] + ht FD Ags [i — D] + ht FD AHAt 
+hl FD An RFD {i-D}+ ht pD At[i] + h Oc s [i\ + n D [i], 
for AF; 

ht FD w c s c \i] + h.t FD w s [i -D] + ht FD At[i\ 
+hocSo[i] + n c [i], 
for DF. 

The received SINR T CFD at CU is expressed in ( 1221 . Then 



= < 



the achievable CU rate is R c 



log 2 (l 



It is 



worth nothing that due to the FD, the CU rate does not suffer 
from the loss of a prelog factor i observed in the HD mode. 
However, due to the residual self-interference, for AF, there is 
an additional interference term P t |jhJ FD AH|| 2 compared to 
the HD mode. 

The received signal at the PU is shown in ( |23T l. Since the 
direct link channel ho is weak, the PU simply treats hoSo[i] 
as noise and decodes so[i — D], therefore, the received SINR 
at the PU is given in ( f24l > The achievable rate for the PU is 
provide in (l25| >. 

B. Problem Formulation 

Similar to the HD case, we will study the achievable 
rate region by solving the CU SINR maximization problems 
subject to the PU rate constraint ro and the CBS power 
constraint Pc FD ■ The problems for AF and DF are formulated 
as (|26T i and (27) on next page. Comparing to P-HD-AF, it 
can be checked that the optimal relay processing matrix A 
in P-FD-AF possesses the same structure A = w a g^ D as 
HD in Theorem 1 and as a result, the problem P-FD-AF is 
reformulated as 



C. Fixed Transmit Noise Pt 

In our previous discussions, we have assumed that P t is 
fixed which corresponds to an efficient interference cancella- 
tion process. With this assumption, d28T i has the same structure 
as ( fT~4T > for AF, and (t2Tb and (fT2l share the same structure for 
DF, therefore all solutions can be found using the approach 
presented in Appendix B. 

D. Scalable Transmit Noise Pt 

Although fixing the transmit noise power P t simplifies the 
problem and the solution, in practice, it is more feasible to 
assume that Pt scales with the CBS transmit power, i.e., 
Pt = e 2 pn and Pt = £ 2 Pr fd for the HD and FD modes, 
respectively, where e 2 is a scaling factor and denotes the 
percentage of the transmit noise power to the total CBS 
transmit power. It depends on the hardware impairments and 
can be assumed that it is small for efficient implementations. 
In this case, the CBS may not use its full power since more 
power brings more noise to the receivers in both modes and 
more self-interference in the FD mode. 

Notice that in the HD mode, we have not discussed this 
issue for the problem formulations P-DF-HD in (Q~2) and P- 
AF-HD in (TT4l) . respectively, and the reason is as follows. 
When P t scales with pn, the objective functions in both dTzb 
and (TT4T > are non-decreasing functions of pu, which means the 
relay should always use the maximum transmit power pr = 
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IhJ w c | 2 

for AF' 

= , Po FD |h^ D Ag|2+P t ||ht AHP+Ptllh^P + llh^AIP+Po^lftocP + l' ' (22) 

— . ' F ° 1 for DF 

N FD w p+p t ||h CFD |p+p 0FD i^p+i' 



y[i] = h so[i] + hl OFD (t[i\At{i}) +n [i] 

( h s [i\ + Ags [i -D}+ h^Q FD AHAt [i] 
= i + hJ 0Ffl An r [j - D] + h* w cSc [j] + hj At + for AF; (23) 

[ h s [i\ + hl 0FD w s [i -D] + h£, FD w c s c [*] + hl 0FD At[i] + n [i], for DF. 



p " F o\ h to F o A s\ 2 f AF . 

° FD ^ ^io^ forDF (24) 

Po FD |hol 2 +Pt l|h c0FD ll 2 + |hI 0F£) w c | 2 + l ' 



, (-, p o FD \ h lo FD A s\ 2 \ 

° 8 ' 2 I + Po FD |/ l o| 2 + P t ||h: OF£) AHP+P t ||h c o FD |P + ||hI OFD AP + |hI OFD w c | 2 + l J ' OT ' 

log a l + mto ^Jlg^ll ^,^^^^; , for DF. 



P-FD-AF: 



111QA 7 7 7 

a,w c Po FD |ht FD Ag FD |2 + P t \\ht FO AH\\2 + P||h CF£ J 2 + ||ht FD Ap + P> FD |M 2 + 1 

st Po FD \K OFD ^e\ 2 

P OFO \ho\ 2 + P||ht 0FD AHp + P t ]|h c0FD |p + llh^Af + |hl 0FD w c |2 + 1 
> y 0pD ± 2™ - 1, 

Pr fd = Po F£ JAg FD || 2 + P||AH|| 2 + ||A|| 2 + ||w c || 2 < P Cfd , 



P-FD-DF: 



max — f ' CFD ' (27) 

w ,w c |ht FD w | 2 + P||h CFD || 2 + Po FD |/i 0c | 2 + 1 



Po FO ||gFD| |2 



s - 1 - PUTTIE : i ^ toj, d 



l h Io FD w o| 



|hlo FI3 w c | 2 + P||h c0FD || 2 + Po Fn \ho\* + 1 

PflFD = llWof + 1 1 W c 1 1 2 < P Cfd - 



W„ .W 



^ F ° Wc ^ 1 1 (28) 

(l+P0 FD |^c| 2 +Pjh CFD ||2) + (P 0FD ||g FD ||4 + pJg^H||2+||g FD ||2)|ht FD W a ||2 

st l h cO FJ W a| 2 > 70™ 

(1 + P t ||hcO F J| 2 + P 0FD \h \l) + |^ 0FD W C |2 " (P 0FD ||g FD ||4 - 7QFD (||g FD ||2 + p t ||g^ H |P)) 



(P 0fd ||gpp,|| 4 + ||gp C || 2 + P t ||g FD H|| 2 )||w a || 2 + ||w c || 2 < P Cfl 
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Pc- We illustrate this by taking the problem P-AF-HD for 
example. With P t = e 2 pfj, it becomes 



(29) 



wc,a, ph PolhjAgl 2 + ||hU|| 2 + e 2 Pii||h c || 2 + 1 



s.t. 



|h!oAg|- 



K w^ + \\hl Ap + ^ PR \\h c0 p + l 
PR = ||w c || 2 + P ||Ag|| 2 + ||A|| 2 < P c . 



> lo AF , 



Suppose its optimal solution is (w*, A* ,p R ) and the corre- 
sponding optimal objective value is 7*. We assume the CBS 
does not use maximum transmit power, i.e., p* R = —Pc,a > 
1. Then we construct another solution (y/aw*, y/aA*, otp* R ), 
which satisfies both constraints and gives higher objective 
value — — — 



This con- 



Po|htA*g| 2 + l|hjA*ll 2 +e 2 P^I|he|| 2 + i 

tradicts the fact that (w*, A* ,p R ) is the optimal solution, 
therefore it must hold that pn = Pc- 

For the FD mode, we next show that the scalable noise does 
not affect the approach to solve the problem P-FD-DF in ( 127) . 
With substitution P t = £ 2 pr fd , it is easy to see that the first 
constraint is equivalent to 



1 



PRe 



< 



IHII 



(30) 



Then P-FD-DF becomes (31). Problem OTT ) has the similar 
structure as ( |29l and at the optimum, it must hold that pr fd = 
Pcfd - To summarize, the scalable transmit noise power does 
not affect the mechanism to solve the problems for the HD 
mode and the FD mode with DF relaying protocol. 

However, the above remark may not be true for the FD 
mode when AF protocol is used since the CBS amplifies the 
received noise and more transmit power results in more self- 
interference. We will study this problem in the remaining of 
this section. 

With substitution P t = e 2 pn FD , problem (fJSJ is updated to 
(1321 , Problem PI is quite complicated since the CBS power 
constraint is not always active and it involves the product 
of two quadratic terms. We denote its objective value as a 
function of available CBS power Pc FD , i.e., ^(Pc FD )- To 
solve it, we first focus on the following problem P2 whose 
objective is $(P), a function of a parameter P in (133) . The 
following theorem characterizes the relation between PI and 
P2. 

Theorem 2: Assuming that PI is feasible, it can be solved 
by considering P2, i.e., *(Pc FD ) = max <p<p CFD $(P). 

Proof: The proof is based on the following two observa- 
tions. 

i) Suppose the optimal solution to PI is given by 
(■Wq,w*,p* r ) and it is easy to see that ^>(P Cfd ) = 
*(p«) < max < P <p CFi) $(P). 

ii) On the other hand, given an input power P < Pc FD . we 
can solve P2 to obtain (wj, ) and suppose its objective 
is $(P). Following the same argument for (|29i l, we can 
see that with the optimal solution, the last constraint of 
P2 must be satisfied with equality. Therefore (w{j, w£, P) 
is also a feasible solution to PI, and this implies that 
$(P) <*(Pc FD ),V0<P< P c . 

Combining the above two facts, we conclude that ^(Pc FD ) 
equals the maximum of $(P),0 < P < Pc FD - ■ 



Theorem 2 indicates that in order to solve the difficult problem 
PI, it suffices to solve P2 by 1-D search of P. 

E. Implementation Issues 

The implementation of the proposed scheme requires that 
the CBS can track the CBS-CU, CBS-PU, PBS-CU channels 
as well as the self-interference channel. The estimation of 
these parameters can be obtained by using appropriate pilot 
signals that periodically are sent by the terminals. More 
specifically, 

• The (residual) self-interference channel can be estimated 
based on a pilot sequence that is sent from the CBS in 
periodical time instances. In 11241 . the authors implement 
a pilot-based self-interference estimation mechanism for 
an FD scheme that incorporates analogue and digital self- 
interference mitigation. 

• The estimation of the CBS-CU and PBS-CU channels in 
a cognitive radio scenario has been proposed in 1 19 Sec. 
V. D]. Based on that work, the PBS-CU channel is firstly 
estimated at the CU by overhearing the primary radio's 
pilot signal; then is fed back to the CBS by using the 
CBS-CU link or a dedicated out-of-band channel. It is 
worth noting that this operation requires a synchroniza- 
tion of the CU to the primary radio's pilot signal. The 
channel CBS-CU can be estimated at the CU by using 
the cognitive radio's pilot signal and then is fed back to 
the CU. 

• In addition to the cognitive implementation in |fl9l , the 
proposed scheme requires also the CBS-PU channel; this 
information can be obtained by introducing a periodical 
pilot signal at the PU (for the purposes of the cognitive 
cooperation) or by employing blind channel estimation 
techniques 1271 at the CBS during the PU transmission. 

It is worth noting that imperfections on the channel es- 
timation result in performance degradation for the proposed 
scheme. Since the main objective of this paper is to introduce a 
new FD-based cooperative scheme in a cognitive radio context, 
we assume perfect channel knowledge as in |fl9l . Our work 
provides useful performance bounds and serves as a guideline 
for practical implementations with realistic channel estimation. 

IV. Hybrid HD/FD Mode Selection For the CBS 

Although the CBS in the FD mode can improve the rate, it 
introduces an extra self-interference from the relay's output to 
the relay's input; on the other hand HD is not affected by self- 
interference due to the orthogonal transmission, but it reduces 
spectral efficiency. Therefore, no mode is always better than 
the other one and a hybrid solution that switches between the 
two operation modes can provide extra performance gain. To 
achieve this, one can simply solve each problem for the HD 
and FD modes, and then choose the better one. However, the 
closed-form solution given in Appendix B is very complex 
and does not give insights on which mode is preferred under 
different conditions. In this section, we will develop a simple 
suboptimal solution based on the ZF criterion, which will 
be used for mode selection. Towards this, we first state the 
following lemma: 

Lemma 1: For both HD and FD modes, the DF relaying 
protocol achieves higher CU rate than using AF protocol when 
the direct link ho as 0. 



X 
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|l4 FD w c 



.wc,ph fd \ht FD wo\ 2 + e 2 p RpD ||h CFD || 2 + Pq fd \h 0c \ 2 + 1 
|hlo Fn w | 2 



S ' 1 ' Ihto^WcP + e^^llhco^H 2 + Po FD \h \* + 1 
PRfd = ll w o|| 2 + l|w c || 2 < P Cfd 

( ( P f>FD 

70 p n 



> 7o FD , 



Pc FD , max 



V 



o. 



V 



e 2 IIH|| 2 



(3D 



w ,w c ,p nF£ , (1 + p QpD \ hoc \2 + £ 2 pfl || hcFD ||2) + (P Qfd ||g FD ||4 + e 2 pRFD ||g^ H ||2 + || g FD || 2 ) | hJ FD W a || 2 
l h eOF D W "| 2 > 70fd 

(1 + £ 2 PR FD ||h c0FD || 2 + P 0fd \h Q \ 2 ) + \ht 0pD w c | 2 " (P 0fo llgF^II 4 - 7o FD (||gFD || 2 + e*p RFD ||g^H|| 2 )) ' 
Pr fd = {P Qfd Ufd\\ 4 + llgFof + e 2 p flFI3 ||g^H|| 2 )||w a || 2 + ||w c || 2 < P Cfd . (32) 



P2 : $(P) = max l h L D w c | 



(1 + Po FD \hoc\ 2 + e 2 P||h CFD || 2 ) + (P 0fd HgFDll 4 + e 2 P||g; D H|| 2 + ||g FI5 || 2 )|ht FD w a | 



st l h Io FD w a | 2 ^ 70 



(1 + e 2 P||h c0FI) || 2 + Po Fn \ho\ 2 ) + \K.o FD ™ c \ 2 ~ (Pom llg^ll 4 - 7o FD (||gF D || 2 + ^PUg^HH 2 )) ' 
(Po fd \\sfd\\ 4 + \\sfd\\ 2 + e 2 P||gt c H|| 2 )||w || 2 + ||w c || 2 < P. (33) 



Proof: For the sake of simplicity, we focus on the HD 
mode but the analysis also holds true for the FD mode. We 
prove this lemma from optimization's viewpoint by comparing 
DF problem (O with AF problem ( TBI . 

Given an AF optimal beamforming solution (w*,w*) to 
(fl4] i, we construct a new solution (wg , w* ) where wj = 
^Pollgll 4 + ||g|| 2w a an d men check whether it is feasible 
for dT2b . It is seen that (wq,w*) achieves the same objective 
value for (TT2l i as (w*, w*) for (TBI and satisfies the last power 
constraint in (fl2l i. The second constraint in (fl2l i can be verified 
below 

IhLwol 2 



|hj w 



-P t ||h c0 | 
h^w a | 2 (P || g r7 



+ 1 

|g|| 2 ) 



> 



l 2 + ^l|h c0 || 2 
7o AF ( J Po||g|| 4 +||g|| 2 ) 



1 



'-) 



(34) 



To 



e( p o||g|| 4 + ||g|| 2 ) 



7o DF (iign 4 + i r 



70af 
4 _i_ Jig. 



llgll 2 ) 



(!|g|| 4 -7 0AF llg|l 2 ) 



>7o D , 



(35) 



where d34l i comes from the fact that (w*,w*) is an optimal 
solution to (fl4l and we have used the approximation ho ~ 

- 69. 



and 

We have proved that for any optimal solution to AF problem 
( IT4l . we can find a feasible solution to DF problem ( fT2l > 



with the same objective value, therefore the optimal solution 
to (fT~2t should have a greater objective value or the DF 
relaying protocol achieves higher CU rate than the AF relaying 
protocol. ■ 
The assumption that the primary direct link is weak is one 
of the rationales in order to enable a cooperation between 
primary and secondary sources: the primary link is weak with 
respect to the channel from the primary transmitter to the 
secondary transmitter [28] [29] or it is not available due to 
path-loss effects and physical obstacles ll30l . The assumption 
ho ~ will help derive a simple mode switching criterion 
and Lemma 1 cannot be generalized for all cases without this 
assumption. 

It is also shown in OTTl that asymptotically the performance 
of AF is quite close to that of DF. Therefore, we choose the DF 
protocol to compare the performance of the HD and FD modes 
for simplicity. We adopt the comparison result as a unified 
criterion to select the mode using both AF and DF protocols. 
Next we will derive simpler closed-form DF solutions for the 
HD and FD modes based on ZF criterion. For this derivation, 
we assume that the transmit noise power scales with the signal 
power, i.e., P t = e 2 pn and P t = e 2 pn FD for HD and FD 
modes, respectively. 

A. DF in the HD mode 

For convenience, we define p 



1 



2 and write 

the beamforming vectors in the form: w c = y^w c ,Wg = 
ggwg with 1 1 w c || = ||wg|| = 1 where q c and qo denote the 



transmit power for primary and cognitive signals, respectively. 
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According to the ZF criterion, we have w£h c[) = and in 
addition, w c needs to maximize |wjh c |, therefore it admits 
the following expression 



I 



llhcoP 1 



and the resulting CU channel gain is 

|wth c | 2 =(Zc ||h c || 2 (l-p 2 ). 

Similarly, 



(36) 



(37) 



Wq = yfqo 





ho 


II 


V 1 llhcll^ 


ho || 



and |wjh c0 | 2 = go||h c0 || 2 (l-p 2 ). 



(38) 



Based on the above expressions, the DF problem formulation 
([T2l i is simplified to the following power allocation: 



mm 

<?0,<?c 



s.t. 



<Zc||h c || 2 (l 



e 2 P c ||h c P + 1 
go||h c0 || 2 (l-p 2 ) 



(39) 



> 



e 2 P c \K\\ 2 + l 
Po\\s\\ 2 >l'o DF ,Qc + qo<Pc, 
which gives the CU rate below 



forPo||g|| 2 >7o DF ; 
0, otherwise. 

(40) 

Ignoring the PBS-PU and PBS-CU links, we have the follow- 
ing approximation when Po||g!| 2 > 7o DF : 

fo,l-p 2 -(2 2r O-l)( E 2 + - 



Rc « I log 2 1 + 



-PCII h c 



(41) 



B. DF in the FD mode 

Similar to the HD mode, we define ppjj = 1 — 
w c = v^*« w o = \/9o w o where 



lb II- 111 n II- " <■ 

_ ^ P " 11 c0 FD II 

|w c |[ = 1 1 wq 1 1 = 1 and q c and qq denote the respective 
transmit power for primary and cognitive signals, respectively. 
The DF problem in d27i i for the FD mode becomes 



mm 

<3o,<?c 



S.t. 



q c \\h CFD \\ 2 (l-p% D ) 



e 2 P CFD \\h CFD || 2 + P 0fd \h Qc \ 2 + 1 
9o||h cOF J| 2 (l - p\ D ) 



(42) 



e 2 P CFD || h c o FD || 2 
q c + qo < Pc FD , 



+ Po FD \ho\ 2 + l 



and gives the CU rate (43). Ignoring the PBS-PU and PBS-CU 
links, we have the approximation (44). 

The mode selection for both AF and DF relaying protocols 
corresponds to a simple comparison between the achievable 
rates in (gOJ and ( |43l . 

In the next two subsections, we assume that the PBS-CBS 
links ||g|| 2 and ||gFr>|| 2 are sufficiently strong to support the 
required PU rate and we focus on the CBS-PU and CBS-CU 
links to gain some insights on the impact of some system 
parameters. 



C. Same RF chains for HD and FD 

First we assume that both HD and FD modes have the same 
number of RF chains, and the same sets of transmit and receive 
antennas, so we remove the subscript 'HD'. In this case, all 
corresponding channel matrices are the same for both modes 
and the achievable CU rates are 

Rc w 

„2 




max ( 0, 1 



(2 2ro -l)(^ 2 +P^F))' 



e 2 + 



max ( 0, 1 



(0,l-p 2 -(2'-«-l) (e 2 + 7 ^)) 



e 2 + 



-Pell he IP 



(45) 



Setting both rates to be equal to zero (if possible), we 
get the corresponding zero points for e 2 , which represent the 
maximum tolerable transmit noise factors: 

„2 o 



,2 

e FD 



1 



(2 r « - 1) 



Pc\\h c0 \ 
1 



(46) 



HD (2 2r _l) P c j|h c0 |r 

We then derive the difference and the relative difference: 



,2 

e Q.FD 



t 0,HD 



O.HD 



1 



( 2 2ro 



1) 

2 r ° 



PcWh 



(2^0-1) PcllhcoF 



F 2 
0.HD 



1-p 2 



(2^0-1) P c ||h c0 || ; 
(2 ro - 1) 



(47) 



P C ||h c0 P 



1-P 2 



(2 2 ni-l) P c ||h c0 p 

It is observed that as Pq increases or p 2 decreases, FD tends 
to be better than HD, but the relative improvement becomes 
less. As ro is decreasing, HD tends to perform better than FD. 

D. High CBS power Pq 

In this case, HD and FD can have different RF chains and 
sets of transmit and receive antennas. We focus on the scenario 
where the CBS's power is large. By using this assumption, the 
approximations of the achievable rates are (48) and (49) When 
ro > 1, the zero points for e 2 are 

1 



,2 

e FD 



PFD 



1 



P 



2 r » - 2 
We can see that when 

PFD < 



-HD 



2 2r « 



2 r " 



;Phd: 



(50) 



(51) 



2 2r _ 2 2 2ro - 2' 

the FD mode performs better than the HD mode. This happens 
when N t is close to N or both are large. 

V. Numerical Results 

Computer simulations are conducted to evaluate the perfor- 
mance of the proposed FD and hybrid schemes. We assume 
that the CBS has N = 6 antennas, which is a sufficient config- 
uration for demonstrating the performance of the investigated 
schemes. The channel between any antenna pair from different 
terminals is modeled as h = dr%e> , where d is the distance, 
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Rc FD =log 2 



1+- 



c0 FD II 



Pq fo l''0cl 2 + l 



(43) 



I|h c0f 



(44) 



1 ( max (O, 1 - p 2 - (2 2r « - l)(e 2 + * , )) \ 1 , ( \ - p 2 2 \\ 

Rc « 5 log 2 ( 1 + ?T _ E - ) « - lo g2 (l + max (0, + 2 - 2- ) ) , (48) 



max (0, l-p% D - (2-o - + p^jp )) ' 



- + — ^ - 2'-°') ) 

6 + WWP 



c is the path loss exponent (chosen as 3.5), and 9 is uniformly 
distributed over [0, 2ir). The distances from the CBS to the 
PBS, the PU and the CU are all normalized to one unit while 
the distances from the PBS to the PU, the PBS to the CU are 
set to 2 units, so their channels are much weaker than other 
links. The elements of the loop interference channel H are 
independent and identically distributed following CAf(0, 1). 
Unless otherwise specified, the PU's target rate is vq = 2 bits 
per channel use (bpcu); for the HD mode, the CBS can use all 
6 antennas for receiving and transmitting signals; for the FD 
mode, the CBS uses N t — 4 transmit antennas and N r = 2 
receive antennas; the CBS transmit noise power is assumed 
to scale with the CBS power and e 2 = 10~ 4 . We define the 
transmit SNR in the HD mode, transmit power normalized by 
noise power, as the power metric and the primary transmit 
power is set to 10 dB. Half transmit power in the FD mode 
is used to maintain the same energy consumption as the HD 
mode. An outage event occurs when ro is not supported in the 
primary system for a channel instance. Except for Figs |4]and 
[5] 10 3 and 10 4 channel realizations are used to produce the 
results of the average rate and outage probability, respectively. 
Whenever possible and necessary, the proposed FD and hybrid 
schemes will be compared with the following solutions: 



> DPC with a non-causal primary message at the CBS ifTTl . 
fT8l , fl9l - In this case, the CBS uses the principles of 
DPC and pre-cancels the non-causal primary information 
in order to ensure an interference-free secondary trans- 
mission. This scheme requires a non-causal knowledge 
of the primary message at the CBS and therefore it 
has a limited practical interest. However, it provides a 
useful theoretical upper-bound for any practical cognitive 
cooperative scheme and can be used for comparison 
purposes; 

> Orthogonal transmission, i.e., the CBS transmits in such 
a way to not interfere the PU without assisting the PU's 
transmission. The CBS rate can be found by solving the 



following optimization problem: 

^ a c x 1082 V + p,iih c |i 2 + i ) 

s.t. h^ w c = 0,||w c || 2 <P C ; (52) 

• HD mode, by default we assume that all N antennas are 
used for both transmission and reception; 

• HD mode using the same RF chains as the FD mode; 

• Best HD/FD mode selection. 

In Figs 2] and [5] we plot the rate regions for a specific 
channel realization for AF and DF, respectively, when the 
CBS power is 10 dB. It can be verified that DPC provides 
a performance outer-bound and the performance difference 
between the proposed scheme and the DPC is mainly due to 
the unrealistic assumption of non-causal primary information 
for the DPC. The orthogonal transmission achieves a larger 
rate region for the CU because it does not assist the PU's 
transmission. Even when the HD mode uses the same RF 
chains as the FD mode, i.e., 4 transmit antennas and 2 receive 
antennas, the maximum PU rate is over three times higher 
than that of the orthogonal scheme. Further improvement is 
observed when the CBS uses all the 6 antennas for both 
transmission and reception in the HD mode. When the CBS 
works in the FD mode, approximately 50% higher rates for 
both the PU and the CU are achieved, compared with the HD 
mode using the same RF chains. 

In Fig. [6] we plot the CU rate against the CBS power. It 
can be seen that the proposed FD and hybrid schemes achieve 
almost three times the CU rates provided by the HD mode with 
the same RF chains. At low SNRs, the HD mode may perform 
better than the FD mode while the performance gain of the FD 
over the HD mode is enlarged as the CBS power increases. 
It is also observed that the proposed hybrid schemes perform 
nearly as well as the best mode selection. The proposed FD 
and hybrid schemes achieve the same slope for the CU rate 
as DPC. 

In Fig. [7] we study the impact of fixed and scalable transmit 
noise on the CU rate for the FD mode. It can be observed 
that with a fixed transmit noise power, all the achievable rates 
are increasing with the CBS power. The achievable rate of the 
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Fig. 5. Rate region for DF protocol. 

AF protocol approaches that of the DF protocol at high SNRs. 
For the DPC scheme and the HD mode, the achievable rates 
saturate from 25 dB of the CBS power, which indicates that 
the CBS should reserve some power in order to suppress the 
self-interference. 

In Fig. [8] we plot the CU rates versus the transmit noise 
scaling factor e 2 , when the CBS power is 20 dB. We note 
that in general, FD outperforms HD even when e 2 is large, 
especially for the DF relaying protocol. This observation is 
because the transmit noise limits the performance of HD while 
FD can efficiently suppress the self-interference by employing 
optimal relay processing. As for the AF relaying protocol, the 
HD mode may outperform the FD mode due to the fact that the 
CBS amplifies the self-interference. The performance of the 
proposed mode selection is very close to the best selection 
for the AF relaying protocol; for the DF relaying protocol, 
they are almost identical and validate the effectiveness of the 
proposed selection. 

In Fig. [9] we examine the effects of the CBS power on 
the PU's outage performance. We assume the PU requires a 
rate of 3 bpcu. First due to the weak primary link, the outage 
is almost 100% if there is no assistance from the CBS. As 
expected, the HD mode is not efficient at low SNRs, and can 
even become worse than the direct transmission due to the 
two phases used; for AF, the outage performance is improved 
only when the CBS power is higher than 15 dB, while with 
the same energy consumption, FD and the hybrid schemes can 
reduce the outage probability to 60%. With 25 dB for the CBS 
power, AF-HD has an outage probability about 60%, while the 
hybrid schemes reduces the outage probability to below 40%. 
The FD mode with DF protocol achieves a lower saturated 



Fig. 7. CU rate for both scalable and nonscalable transmit noise power. 

outage probability of 32% when the CBS power is above 20 
dB. 

Finally in Fig. [lOl we investigate the impact of differ- 
ent transmit and receive antenna configurations on the FD 
mode, by assuming the CBS has 6 transmit and receive 
RF chains. We simulate four different cases (N t ,N r ) E 
{(5, 1), (4, 2), (3, 3), (2, 4)}. The same trends are observed for 
both AF and DF protocols. It can be seen that (N t ,N r ) = 
(3, 3) provides the best performance for medium to high 
SNRs; this is because the primary rate is upper bounded 
by the supportable rates of the PBS-CBS and CBS-PU links 
and therefore equal number of transmit and receive anten- 
nas is a preferred configuration. At low to medium SNRs, 
(N t ,N r ) = (5,1) provides better performance than that of 
(N t ,N r ) = (2, 4), because the rate is limited by the CBS-PU 
and CBS-CU links. Therefore the CU rate takes the expression 
(53). It is observed that as N t increases, both ||h c o FI) || 2 and 
jhc^H 2 increase while p 2 FD decreases, consequently the CU 
rate increases as well. At high SNRs, (N t ,N r ) = (2,4) 
outperforms the (N tl N r ) = (5,1) configuration. This is 
because the PBS-CBS link limits the achievable PU and CU 
rates and therefore more received antennas at the CBS can 
improve the CU rate. For the same reason, (N t ,N r ) = (4, 2) 
saturates when the CBS power is about 20 dB while the 
performance of the case (N t ,N r ) = (2,4) improves with the 
CBS power until 25 dB. 

VI. Conclusion 

We have studied the HD and the FD operation modes for the 
CBS in a cooperative cognitive network. We have considered 
transmit imperfections in both duplex modes and modeled the 
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Rc FD ~ log 2 1 + 2 , 2 — — • ( 53 ) 

V 6 + Pc\\^ FD V / 
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CU rate vs. transmit noise power. 
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Fig. 9. PU rate outage vs. CBS power. 



resulting CBS's residual self-interference for the FD mode. 
Closed-form solutions or efficient 1-D search algorithms to 
achieve the optimal AF and DF beamforming vectors have 
been provided in order to characterize the achievable primary- 
cognitive rate regions. In addition, we proposed a hybrid 
scheme to switch between the HD and FD modes based on 
the simplified ZF beamforming design. Results have shown 
that the proposed FD and hybrid schemes can greatly enlarge 
the rate region compared to the HD mode, therefore they 
are introduced as efficient solutions for the active cooperation 
between primary and cognitive systems. The proposed coop- 
eration substantially increases the opportunities for a CU to 
access the primary spectrum and improves the overall system 
spectral efficiency. 

It is worth noting that for scenarios with a strong primary 
direct link, the PU receives two copies of the transmitted signal 
via both the direct and the relaying links by generating an 
artificial multipath effect. While this paper and most studies 
in the literature discard the direct link and only decode the 
relaying information, as a future direction, we can study how 
to efficiently combat this effect using equalization techniques 



Fig. 10. CU rate for different antenna configurations 

Appendices 

A. Proof of Theorem 1 

Proof: Without loss of generality, A can be expressed in 
the form of 



A = [H H 



Hbgt + H 



> C 
1 E 



[g T (g 



(54) 



H ± E(g ± )t 

C 2x(iV-l) )d g 

are parameter vectors and 



HC(g x )N 

C 2xl ,C G 



where H = [h c o h c ] and b 

C (JV-2)xl ;E g C (N-2)x(N- 

matrices. 

A closer observation of the defined problem reveals that 
the optimization will maximize |hJ Ag| 2 while minimize 
|htAg| 2 , ||h£A|| 2 ,||h c0 A|| 2 ,||Ag|| 2 and ||A|| 2 . It is clearly 
seen that C,E, d do not affect the term to be maximized 
and setting them to be zero will help reduce the terms to be 
minimized, therefore C = 0,d = 0,E = and the optimal 
A has the structure of A = Hbgt and can be written in a 
more general form of A = w a g^ where w a = Hb is a new 
parameter vector. ■ 

B. Closed-form Solution to A General Rate 
Maximization Problem 

Our aim here is to find the close-form solution to the rate 
maximization problem below: 



max 

Wi ,W2 



s.t. 



|hJjW 2 | 



|h lWl | 2 
l + c\h\w 2 \ 2 



(55) 



> 7i, l w i| 



c||w 2 || 2 < P c 



where c is a constant, hi , h 2 are N x 1 vectors and 71 , Pc 
are positive scalars. This problem has the following physical 
meaning. Consider a MISO broadcast system with an N- 
antenna BS and two single-antenna users. The channels from 
the BS to user 1 and user 2 are hi and h 2 , respectively. The 
noise powers at users are assumed to be one, otherwise, the 
channel can be normalized with the noise power. Suppose 
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the BS has a total power constraint Pc and user 1 has a 
SINR constraint 71, then this problem has the interpretation of 
maximization of user 2's SINR. Suppose its optimal objective 
value is 7 2 . To find the optimal solution to ( 1551 ). we first 
consider the following weighted sum power minimization 
problem: 



mm 

Wl ,W2 



s.l. 



II wi II +c||w 2 
l + c|h|w 2 | 



(56) 



> 7i, 



|i4w 2 | 2 
l + lhUi 



> 72- 



It can be validated that if we set 72 = 72 in (1561 ). then its 
optimal objective value is Pc and vice versa. So we can focus 
on ( l56l l in order to characterize the solution to ((55). The dual 
problem of (l56l l can be derived as 



max 

Ai,A 2 >0 



s.t. 



Ai + A 2 

1 + A 2 h 2 h 2 h ^hih\. 

A- 



(57) 



71 = c 7i 



I + AihihJ h — hxh 2 , 

72 

where Ai and A 2 are dual variables. The two linear matrix 
inequality constraints uniquely determine Ai and A2: 

71 x 72 

, A2 



A = 



hi (I + AihahJ ) hj 



hi (i + Aihihl) h 2 
(58) 



Using matrix inversion lemma and define p 2 = pjjwp^ 
have 



we 



Ai = 



7i(l + A 2 ||h 2 



A 2 = 



|h 1 || 2 + A 2 (||h 2 || 2 ||h 1 || 2 -||h 2 h 1 || 2 ) 
7i(l + A2||h 2 || 2 ) 

!|h 1 || 2 (l+A2||h 2 || 2 (l- P 2 ))' 

72(1 + A 1 ||h 1 || 2 ) 
Ih.lP + Aidl^l^llhilP-llhthill 2 ) 
72(1 + A 1 ||h 1 || 2 ) 
Wh^il + X^imi-p 2 ))- 

Remember we also have a power equation below: 

Ai +A 2 =P C . 



(59) 



(60) 



It is observed that Ai,A 2 ,7 2 should satisfy and uniquely 
determined by the above three equations (1591160b . so the ana- 
lytical solutions can be found. Define A = ||hi|| 2 |jh 2 || 2 (l — 
p 2 ),i? = -(||h2|| 2 7i + J P C ||h 1 || 2 ||h 2 || 2 (l-p 2 ) + ||h 1 || 2 ),and 
C = (P c ||h 2 || 2 + 1)71. Then from ([59), we have 



f{X 1 )=AX\ + B\ x + C = Q. 



(61) 



Since A > 0, C > 0, B < 0, /(A) = has positive two roots. 
Because f(Pc) < 0, we know that the optimal Ai corresponds 
to the minimum root. Once Ai is found, A 2 and 7 2 can be 
easily derived from (l59H60t . 
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